Introduction
The concept of scientific paradigm was made popular by Thomas Kuhn in his influential book "The Structure of Scientific Revolutions" published in 1962 [1] . He argued that scientists in their research are always guided by assumptions and theoretical presuppositions that determine the lines of investigation they pursue. These underlying assumptions which often are not explicitly stated represent the prevailing paradigms present in every field of scientific enquiry at any particular time. The field of HIV vaccine research is no exception and several paradigms have had a major influence on the type of research undertaken and funded in the last 25 years [2] . Since investigators are not always fully aware of the underlying paradigms that influence their choice of research program and experimental approach, they may not question the validity of a particular paradigm when they regularly obtain results that are not consistent with the hypothesis or theory that gave rise to the paradigm. When this happens, they may continue to pursue unfruitful lines of investigation that impede scientific progress. This pitfall can only be avoided if researchers remain constantly aware of the paradigms that make them pursue a particular research program.
In HIV vaccine research, there is evidence that several prevalent paradigms have not helped the development of the field, and this may partly explain why after 25 years of intensive research efforts, it has not been possible to develop an effective vaccine using classical strategies [3] [4] [5] [6] . One such paradigm is the assumption that HIV-1 epitopes identified by crystallography of complexes of HIV Env bound to affinity -matured neutralizing (n) Mabs are likely to be effective vaccine immunogens able to induce a protective immune response. Another misleading paradigm is the assumption that anti-HIV-1 Mabs are monospecific for a single viral epitope instead of always being polyspecific and able to bind numerous epitopes different from the one identified when the structure of the Mab-HIV-1 complex was solved. A third one is the expectation that after isolating from HIV-1 infected individuals increasing numbers of nAbs that may be useful for passive immunotherapy, this will necessarily facilitate the development of immunogens suitable for active immunization [7] .
A New Paradigm Advocating Basic Research
Paradigms come in different forms and some correspond to general conceptual frameworks and theoretical assumptions that permeate an entire field at a particular time. In recent years many HIV investigators have become convinced that our current knowledge of the human immune system and of HIV-1 immunopathology is far too limited to permit the development of an HIV-1 vaccine in the near future. This has given rise to a new popular paradigm which assumes that this stumbling block to vaccine development can only be overcome by embarking on large scale basic research programs in immunology [8, 9] . This paradigm espouses the classic thesis of Vannevar Bush, prevalent since the end of the Second World War [10] , which claims that all technological innovations are derived from applied research programs that always find their origin in curiosity-driven basic research performed without any consideration of potential practical use. This thesis is no longer universally accepted since the separation between basic and applied research is nowadays often perceived as somewhat of a false dichotomy. A more realistic account of scientific and technological progress proposed by Stokes [11] follows the so-called quadrant model of scientific research which accepts that research can be driven simultaneously by a quest for fundamental understanding and by considerations of use for solving a practical problem. According to this model, a commitment to try to understand HIV-1 immunopathology need not exclude a commitment to try to control HIV-1 infection
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by vaccination [12] . The remaining difficulty, of course, lies in the impossibility to predict which items of new knowledge derived from basic or applied research will subsequently allow the development of a useful technological product such as a vaccine.
From Basic and Applied Research to Technological Innovation
Two types of human knowledge are usually distinguished [13] corresponding to:
1) Knowing what is the case, for instance the existence of a natural biological phenomenon. This is usually called propositional knowledge which comprises inter alia all the scientific facts which can be expressed as true statements or propositions that such and such is the case.
2) Knowing how to do something while achieving something of practical utility, using what is called procedural or prescriptive knowledge.
Any addition to propositional knowledge is a discovery that unearths something that existed all along but was unknown to anybody. Any addition to prescriptive knowledge, on the other hand, is an invention derived from basic and applied research that makes it possible to do something that was previously unfeasible and that achieves a desirable, practical or societal goal.
An example of such a technological innovation would be an effective preventive HIV-1 vaccine that allows nature to be manipulated successfully by providing protection against viral infection. Unfortunately it is impossible to predict which item of propositional knowledge is required to lead to the prescriptive knowledge needed to manipulate and control a natural phenomenon such as a viral infection. As pointed out by Ian Hacking in his book Representing and Intervening [14] , it is only by intervening in a material system that we learn to manipulate and control it, thereby deriving the desired prescriptive knowledge. For instance, it is only by comparing various ways of manipulating the human immune system, using trial-and-error empirical experimentation, that we may eventually learn to control it and achieve protective immunity by vaccination [15] . Whereas elements of propositional knowledge (for instance the 3D structure of an antibody) may be "right" or "wrong",this is not the case with the ability to manipulate the immune system using prescriptive knowledge which is either "successful" or "unsuccessful", the outcome being adjudicated empirically. This means that we achieve useful prescriptive knowledge of the immune system only by a prior successful empirical intervention that would lead for instance to protective immunity. This conclusion is at odds with the currently fashionable paradigm that increasing our knowledge of basic immunology on its own would be sufficient to improve our ability to develop an effective HIV-1 vaccine [4] .
A workshop entitled: "What type of HIV vaccine research should be promoted" took place during a virology conference held in Baltimore in November 2013 (www.omicsgroup.com/conferences/virology-2013/). The purpose of this workshop was to discuss new paradigms that better fit our increased knowledge of HIV-1 immune responses and which could therefore be more helpful in guiding future vaccine research than did past unsuccessful paradigms.
In order to structure the discussion, panelists were asked to respond to four questions. Some of their responses are summarized below.
Question 1: Which new ideas, hypotheses and paradigms should be introduced in the HIV-1 vaccine field?
1) Since neutralizing antibodies and cytotoxic T cells do not prevent HIV infections nor control viral replication in humans, many virologists believe that classical vaccination approaches will not succeed in the case of HIV-1. In other words, they accept that they need to achieve something that the human immune system is normally not capable of doing when it encounters the virus. Earlier attempts using the approach known as reverse vaccinology [16, 17] failed when the putative nAb germline predecessors were found to bind poorly or not at all to the HIV-1 epitopes that are recognized by their hypermutated mature descendants isolated from HIV-1 infected individuals [15] . The resulting very poor immunogenicity of HIV-1 epitopes usually prevents the human immune system to initiate and sustain a response that leads to the elicitation of broadly neutralizing (bn)Abs. Even if an immune response is initiated, a complex and lengthy antibody maturation pathway that differs in individual vaccinees is needed for obtaining bnAbs [18] . New strategies are therefore needed to identify candidate vaccine immunogens that bind germline predecessors of bnAbs or intermediates in the maturation process of these Abs. It is not clear at present whether the unravelling of individual antibody maturation pathways will succeed in identifying HIV-1 immunogens capable of inducing suitable predecessors of known bnAbs in populations of naïve individuals.
2) New strategies should be introduced to identify the immunogens responsible for Ab responses associated with vaccine protection. One such approach called protection-linked biopanning, using recombinant phages encoding random peptide libraries, was found to be able to identify viral epitopes that bind to antibodies present only in vaccinated protected individuals [19] . Earlier paradigms unfortunately led investigators to concentrate on epitopes that only bind bnMabs (i.e. on viral antigens) rather than on immunogens containing immunogenic epitopes capable of eliciting such antibodies [15] .
3) Since most HIV-1 infections occur through sexual contact, more studies should be devoted to mechanisms of mucosal immunity. Little is known about how HIV-1 disseminates through the mucosa. If dendritic cells are involved, Fc-mediated inhibition could interfere with the infection process. If the first target is a CD4 T lymphocyte, preventing infection of CD4 T cells should be a priority. Since cells at mucosal surfaces express various Fc receptors, immune complex trapping through these receptors may lead either to virus degradation by phagocytosis or to enhancement of virus replication in the case of neonatal receptors. Studies aimed at developing immune responses at mucosal surfaces using specific adjuvants or involving certain bacterial flora also deserve further investigation. 4) Although IgA represents the most abundant immunoglobulin made by the human body and is an important component of mucosal secretions, the role of the various IgA forms in either preventing or enhancing HIV transmission is unclear. Only one study thus far has examined the difference between IgA1 and IgA2 present mucosally as dimers [20] . In this study, dimeric IgA1 was significantly more protective than the dimeric IgA2 version of a neutralizing anti-HIV mAb with the same epitope specificity. In contrast, serum IgA responses against the HIV envelope have been linked with an increased risk of virus acquisition in the RV144 trial. The fact that IgA, in different forms and from different anatomical compartments, has been associated with either protection or increased risk of virus acquisition, indicates that the role of serum and/or mucosal IgA in preventing or facilitating HIV transmission should be further investigated. The role of mucus and natural mucosal fluids, in addition to mucosal antibodies, in enhancing or decreasing virion capture should also be examined. 5) Although replicating vectors have scored the best at inducing long-term memory, these vectors are mostly attenuated pathogens and since their long-term safety may be a serious issue, alternative strategies using for instance intradermal injections and intranasal administration [21] should be studied. 6) Currently available animal models are not satisfactory to allow large numbers of candidate vaccines to be evaluated. In order to test more vaccine candidates and strategies, additional cost-effective highthroughput animal models that are able to be transposed to generate appropriate human immune responses should be developed. The development of novel virus chimeras using Env from different virus clades, similar to SHIV in macaques, should also be encouraged.
7)
Since SIV in macaques and HIV-1 in humans can only replicate efficiently in vivo if mucosal CD4 T cells are activated, it has been hypothesized that it might be possible to suppress viral replication by interfering with CD4 T cell activation. This was tested by stimulating mucosal dendritic cells in macaques with a mucosal vaccine containing inactivated SIV associated with the Calmette-Guerin bacillus, in an attempt to induce in vivo the terminal differentiation of SIV-specific CD8 T cells. This mucosal vaccination was found to be extremely effective since after intrarectal challenges with large amounts of SIV, most macaques remained sterilely protected. The protection was found to be induced by CD8 T cells that possessed strong SIV suppressive activity, and surprisingly it was not associated with SIV-specific antibodies or CTLs (unpublished results by Andrieu JM and Lu W). This led to the further hypothesis that this type of vaccine may have acted through a phenomenon of mucosal/oral tolerance. Since probiotic bacteria, for instance lactobacilli, have been suspected for a long time to be inducers of immune tolerance, an oral vaccine made with the same killed SIV immunogen in association with large amounts of Lactobacillus plantarum was tested in macaques. This vaccine was found to induce a previously unrecognized class of non-cytolytic MHC 1b/E restricted CD8 regulatory T cells (Tregs) which specifically suppressed the activation of SIV positive CD4 T lymphocytes. This suppression which prevented the initial burst of virus replication in vivo, permanently protected 15 out of 16 macaques from infection [22] . This strong protective effect induced by CD8 + Tregs was obtained in experiments that were based on an "out of the box" innovative paradigm, confirming the assumption that SIV requires activated immune cells for its replication. Since CD4 + T cell activation drives both the initial SIV and HIV-1 replication in macaques and humans respectively, this approach is currently being tested in humans. If successful it could offer an exciting prospect for a preventive or therapeutic HIV-1 vaccine. 8) In recent years, considerable and growing attention has been given to the development of therapeutic HIV vaccines for treating people already infected with HIV-1. Immunization with the conserved HIV regulatory protein, Tat, has been shown to stimulate the immune system of patients receiving antiretroviral therapy, leading to a further and stable CD4 T cell increase and immune restoration [23] . Extracellular HIV-1 Tat can form a molecular complex with trimeric Env, shielding it from anti-Env nAbs and redirecting virus entry to RGD-binding integrins [24] . Anti-Tat Abs, which are infrequently produced upon natural infection, are able to restore and increase HIV neutralization that would normally be impaired by extracellular Tat [24] . Since vaccination with Tat decreases the proviral DNA load (Ensoli et al. submitted), slows down the progression to AIDS and can lead to complete or partial protection from infection [19, [24] [25] [26] , the accumulated evidence supports a novel paradigm that views HIV-1 Tat as an important vaccine candidate either on its own or as part of a multicomponent vaccine [19, [24] [25] [26] .
Question 2: How should innovative research on HIV vaccines be funded, especially risky projects that are unlikely to be favored by selection committees because of insufficient confirmed data?
9) The current prevalent funding structure focusing predominantly on large networks of investigators under strong leadership of a principal investigator has considerable built-in inertia which makes it difficult to rapidly adapt to new paradigms. Generous funding of smaller groups and networks would allow the pursuit of more flexible lines of research based on original paradigms and would foster greater intellectual flexibility. Currently, at most 10% of available funding is devoted to supporting high-risk projects based on innovative paradigms. Funding redistribution should be encouraged and a significantly larger funding percentage (perhaps up to 50%) should be used for smaller scale innovative projects. Such a change would diversify the vaccine approaches that can be investigated and would increase the probability of finding an effective vaccine.
10) It can be argued that the reigning paradigms followed in the past by well-funded large networks of investigators were usually nothing more than hypothetical assumptions for which very limited confirmed HIV data existed. Since it is impossible to predict which proposed experimental approaches will later be found to be empirically successful, funding agencies should utilize selection committees comprising accomplished open-minded experts who themselves have made original contributions outside the framework of conservative, conventional wisdom. The validity of human judgments cannot easily be quantified and it is questionable whether the majority vote of a large selection committee will necessarily back the most promising and original proposal rather than projects that follow the accepted scientific consensus.
11) High-risk projects based on novel paradigms should be examined by selection committees different from those in charge of traditional four year grants requiring extensive supporting data and a solid track record of publications. Many traditional grants support fundamental immunological research that is considered to be of high quality because it produces excellent scientific papers published in high impact journals such as Science, Nature, Cell, Journal of Virology etc. These papers tend to include statements claiming that the newly acquired scientific information is likely to help the future development of an HIV-1 vaccine, although they rarely present new prescriptive knowledge relevant to the goal of producing a technological innovation in the form of an effective vaccine. Projects considered to be risky because they follow innovative, unorthodox paradigms that lack widespread support could be funded by two-phase grants, first to establish that they do produce prescriptive knowledge of potential utility, and then subsequently transferring the pilot study to a larger study. However, the emphasis should be on useful prescriptive knowledge relevant to vaccines rather than to curiosity-driven basic research that only increases our immunological knowledge.
12) Innovative projects could also be funded by a procedure similar to that used by the MacArthur Foundation (http://www.macfound. org). Funding would be allocated for a period of several years and a comprehensive report would only have to be produced at the end of the contract and not annually. Applicants should demonstrate high levels of past creativity and accomplishments in vaccinology and related fields and the allocated funding should suffice for carrying out small phase I or phase II clinical trials.
13) The surprising extensive protection against SIV achieved in macaques with an oral tolerogenic vaccine that did not elicit SIVspecific antibodies nor CTLs was obtained by an investigator-driven research project that was not funded by a governmental or large scale international research organization [22] . It was entirely sponsored by a private benefactor who agreed to fund a risky project based on an unorthodox paradigm for which minimal preliminary data existed. This illustrates the benefits that sometimes accrue from moving away from reigning, fashionable paradigms.
Question 3: What should be the balance between empirical vaccine research (for instance testing various hypotheses on how to induce protective immunity) and so-called "rational" vaccine design based on structural knowledge? 14) Empirical and rational approaches to vaccine development are sometimes opposed as if they were incompatible and it has for instance been claimed that "Rational design represents the only approach that can elevate vaccine research from an empirical exercise to a scientific discipline" [27] . However, all existing vaccines have been developed using trial-and-error immunization trials that are entirely rational and there is no example of an effective vaccine ever having been obtained solely by rational design based on structural analysis [7] . Claims to the contrary arise because the structure-based rational design of a viral epitope engineered to better fit a single bnMab is masquerading as vaccine immunogen design, a confusion which is due to the erroneous assumption that antigen binding reactivity necessarily entails an immunogenic capacity to induce protective Abs [15] . As discussed above, structural knowledge of viral epitopes and antibody paratopes corresponds to propositional knowledge which does not tell us how to successfully manipulate the immune system so that immunization with an appropriate immunogen will elicit a protective anti-viral response. Only after an effective immunogen has been identified empirically does it become possible to investigate its possible mode of action. This should involve a study not only of possible neutralizing antibodies but should include the study of barrier functions at mucosal surfaces, virion trapping properties of mucosal secretions and cellular as well as innate immunity phenomena that may prevent cell-to-cell virus transmission in primary and chronic infections. Developing an effective vaccine empirically is therefore the first priority and should precede attempts at elucidating the theoretical mode of action of an ideal HIV-1 vaccine on the basis of our knowledge of the immune system.
15) The lack of success of the reverse vaccinology/engineering paradigm should be acknowledged as such and should lead to a paradigm shift emphasizing the relevance of the bnAb germline ancestors and their maturation. In 2013, Bruce Alberts, the Editor of Science wrote the following: "Scientists need to develop a value system where simply moving on from one's mistakes without publicly acknowledging them, severely damages, rather than protects, a scientific reputation. " Knowing what leads researchers astray is as important to science as knowing which hypothesis is corroborated by experimental observations. Question 4: If you had the authority to do it, what type of "out of the box" vaccine concepts would you support for funding? 16 ) In view of the high level of somatic hypermutation observed in all anti-HIV-1 bnAbs, any studies addressing the maturation pathways of such Abs should be encouraged. There is, however, no guarantee that studying stochastic maturation processes in individual immune systems would provide the prescriptive knowledge required for reproducing similar maturation phenomena in large populations of vaccinees. 17) Methods for inducing strong mucosal antibody responses involving dimeric or multimeric IgA1 should be investigated. New immunogens and adjuvants should be tested and the role of various Ab inhibitory functions in protection should be analyzed.
18) More studies of HIV-1 immunopathogenesis should be undertaken in an attempt to identify potential key targets for intervention as well as new biomarkers of disease progression and of infection control. Other markers than viral load and CD4 T cells counts are needed to assess vaccine efficacy, for instance proviral DNA load, cell-to-cell transmission, different neutralization protocols, functional T and B cell subsets etc. 19 ) In view of the totally unexpected "out of the box" results observed in macaques orally vaccinated with killed SIV plus Lactobacillus plantarum, a duplication trial in the macaque model and subsequently a phase one clinical study in humans should be performed as soon as possible. If the hypothesis of Andrieu and Lu [22] is confirmed in such simian and human experiments, considerable funding should be engaged to advance its possible clinical development.
